For next generation nonvolatile memories, several random access memory ͑RAM͒ technologies have been proposed, e.g., based on magnetoresistance ͑MRAM͒, 1 ferroelectricity ͑FRAM͒, 2 phase-change ͑PRAM͒, 3 and electricalresistance ͑RRAM͒. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Full understanding of the switching mechanisms in RRAM, mostly voltage-polarity dependent, is still lacking. Various models have been proposed, e.g., based on trap-controlled space-charge-limited current, 4 chargetrapping-defect states inside the band gap, 5 charge-trap states at metal/oxide interfaces with a change of Schottky-like barrier, 6 electric-pulse-induced vacancy/ion motion, 7 and filamentary conduction. [8] [9] [10] [11] [12] [13] In contrast, PRAM is based on the resistance switching caused by amorphous-crystalline phase change and is not voltage-polarity dependent.
Up to now, phase-change and polarity-dependent resistance ͑PDR, non-phase-change͒ switchings in chalcogenides were considered independently.
14 Resistance switching based on phase change will generally require a higher operating voltage than that for PDR switching. Moreover, the phasechange process could possibly suffer from fatigue due to volumetric changes involved, and from segregation or phase separation. [15] [16] [17] PDR switching in Ag-free chalcogenides, such as in Ge-Sb-Te system most commonly used in phase-change data storage, has not yet been demonstrated. Ag-In-Sb-Te is the only phase-change material for which PDR switching was reported. 13 However, this system showed a high threshold voltage ͑Ͼ10 V͒, which is a significant drawback. In this paper, we demonstrate that PDR switching can be achieved with Ge-Sb-Te, both on macroscopic and nanometer length scales using low voltages ͑0.4-1.25 V͒ incapable of inducing amorphous-crystalline phase change in our system.
The samples consist of 20 or 40 nm thick Sb-excess Ge 2 Sb 2+x Te 5 ͑GST͒ phase-change films on 100 nm thick Mo bottom electrodes on Si substrates. Mo and amorphous GST were deposited in situ by dc magnetron sputtering. Ag or Au was used as top electrode. Such capacitorlike devices shown in Fig. 1͑a͒ were used to examine the PDR switching via I-V measurements using a Keithley 2601 source meter with a voltage sweep rate of ϳ0.8 V / s. This switching was also tested with voltage pulses for repeated cycles using a pulse generator. Finally, to investigate switching at nanoscale, conductive atomic force microscopy ͑C-AFM͒ ͑Veeco Dimension-3100͒ was used. In this case, a highly conductive ͑Pt/ Ir coated͒ tip serves as top electrode. The local conductivity of the sample is read from the current image. All measurements were made in air and at room temperature.
A typical macroscopic I-V characteristic of a GST film is shown in Fig. 1͑b͒ . Before the measurements, the material between the electrodes was crystallized by sweeping the voltage from zero to a value higher than the threshold voltage for crystallization. Hence, the sample is initially in the lower-resistance state ͑LRS͒. When sweeping the voltage from zero in the negative direction with respect to the bottom electrode, a linear I-V behavior is observed for V Ͼ −0.4. Below this threshold voltage ͑V th ͒ the sample switches to an about five times higher-resistance state ͑HRS͒ and remains there when sweeping the voltage back to positive values until reaching a bias voltage of +0.4, above which the resistance of the sample is restored to the initial LRS. This I-V characteristic, with two different resistance states, clearly exhibits PDR-switching behavior. This intrinsic memory effect is stable and reproducible within ±0.4 V. The imposed cutoff for large currents ͑Ͼ40 mA͒ in Fig. 1͑b͒ is to prevent sample damage. According to the I-V characteristics, the resistance states are nonvolatile and could be read with lower bias voltages ͑ӶV th ͒ of either polarity. PDR switching without first crystallizing Ge-Sb-Te turned out impossible.
Using voltage pulses for the switching procedure includes the advantages of fast device operation and reduced thermal effects or damage. Measurements using different voltage pulses for a number of cycles on different samples are depicted in Fig. 1͑c͒ ; on the left, sample 1 shows switching with 500 s pulses at ±1.1 V, and on the right, the response of sample 2 to 1 s pulses at ±1.25 V is shown. Note that the effective cell area of sample 2 compared to sample 1 is larger. A negative pulse, causing LRS→ HRS switching, is equivalent to a set/write process giving the on state. The on state was found to be nonvolatile for more than a month. By a positive pulse, the LRS is recovered; i.e., the information is erased and this reset process recovers the off state. Between each write/erase pulse, the resistance state of the device was read with a voltage Ͻ0.1 V for ϳ20 ms duration. The resistance switching was stable and reproducible with a contrast of R HRS-LRS more than 40% for sample 1 and about 150% for sample 2.
Memory switching at nanoscales is essential to obtain high data-storage densities. In recent years, a strong impetus in this direction has been given by AFM nanolithography. 18 Therefore, we explored the resistance switching at nanoscales by C-AFM ͓Fig. 2͑a͔͒. The AFM tip, with radius Ͼ50 nm, was used as top electrode by switching an area, 500ϫ 500 nm 2 , of the GST layer. Prior to switching experiments, this area was crystallized by a large voltage ͑5 V͒ between the tip and the bottom electrodes with an electrical current of Ͼ10 nA. During resistance switching with ±1 V between the grounded tip and bottom electrodes, simultaneous measurement of current flow through the tip allowed mapping the resistance state of the mark. The LRS is shown in Fig. 2͑b͒ for +1 V, and the HRS upon a SET operation with −1 V is shown in Fig. 2͑c͒ . The HRS of the mark is electrically indistinguishable from the surrounding amorphous phase, because the current flow across both the amorphous and HRS crystalline phases is Ͻ5 pA, and, thus, lower than the detection limit of the C-AFM setup. By a reset operation with +1 V, the LRS of the mark was recovered as shown in Fig.  2͑d͒ . The current contrast between HRS and LRS reaches values beyond 2000 pA.
In Figs. 2͑b͒ and 2͑d͒ , it can be seen that the electrical conductivity of the crystallized area is not uniform. A considerable area fraction is still in a HRS, where it should be homogeneous in a LRS. This is attributed to several factors, e.g., an incomplete crystallization by the tip, an improper tip-sample electrical contact due to relative fast tip scanning, surface roughness of the sample, and removal of the conductive coating from the tip. Our experiments prove that the switching is not limited by the switching area and probably the electrode type also, but the switching speed is limited by a few experimental constraints, i.e., AFM scanning speed, and pulse-shape loss due to the large capacitance of our nonoptimized test structures. Switching in nanoscale areas is definitely possible as already shown in Fig. 2 . It was also found later that switching of sample 2 with ±1 V pulses of 500 ns was feasible up to 400 cycles with a contrast of 100%, indicating that the switching limits have not yet been reached.
The resistance switching driven by the polarity of the applied electric field can be related to the solid-state electrolytic behavior of the chalcogenide. When it is subjected to an electric field, electrochemical reactions near the electrodes lead to ionic conduction. If the electric field is sufficiently strong, electrically conductive filamentary pathways form between the electrodes leading to a LRS, and if the polarity is reversed, the pre-existing paths became discontinuous due to ion migration in the opposite direction resulting in a HRS. In literature, chalcogenides showing this behavior include Ag-S, 9 Cu-S, 10 Ag-Ge-Se, 11 Ag-Ge-Te, 12 and Ag-In-Sb-Te, 13 where the LRS and the HRS are results of the formation and rupture of Ag filaments. A similar electrolytic switching mechanism probably holds for our Sb-excess GST chalcogenide material. In this case, conductive Sb instead of Ag filaments can be formed and dissolved in an amorphous phase that still persists with a small volume fraction when the GST crystallites are formed.
This mechanism is favored by the facts that ͑i͒ ͑fast͒ crystallization of GST with excess Sb leads to a phase separation, where the Ge 2 Sb 2 Te 5 nanocrystals form with the excess Sb in the amorphous phase at grain boundaries, 15 and ͑ii͒ cross-sectional transmission electron microscopy ͑TEM͒ studies showed that in GST films, a strong tendency exists to form crystallites near the film surface leaving some amorphous volume near the film-substrate interface. 17, 19 Metallic Sb is also several orders of magnitude more conductive than Ge and Te in GST. Cross-sectional TEM studies are in progress to investigate these issues in the GST system. Al-FIG. 1. ͑Color online͒ ͑a͒ Schematic of the prototype cell structure, where A and C refer to amorphous and polycrystalline GST layer, respectively. ͑b͒ Memory switching I-V behavior of the cell. ͑c͒ Two-state resistance switching behavior in a pulse-mode; circular symbols on the left side indicate sample 1 switched by ±1.1 V, 500 s pulses, and triangular symbols on the right side indicate sample 2 switched by ±1.25 V, 1 s pulses.
though, currently, we cannot fully exclude an electrodeinduced switching mechanism, the previously proposed mechanism appears to be more favorable.
Striking in our experiments is that R HRS-LRS for a smaller switching area is larger ͑compare Figs. 1 and 2͒ . Macroscopic ͑millimeter͒ contacts on 20 or 40 nm films will suffer more from potential current-leakage paths in the film and will thus decrease the HRS. Furthermore, it is likely that within smaller areas, the conducting filaments are more effectively switched ͑i.e., formed or ruptured͒ compared to the larger areas and will thus increase R HRS-LRS . Down scaling is thus advantageous, and this is an important finding for applications.
In conclusion, we demonstrated polarity-dependent resistance switching in crystallized Sb-excess Ge 2 Sb 2+x Te 5 films from macro-to nanoscales. Voltage pulses showed this switching within time scales of microseconds with more than 40% contrast between the resistance states for macroscopic contacts. Moreover, using conductive atomic force microscopy, switching was also possible at nanoscales with a better resistance contrast of more than three orders of magnitude. Notably, the switching ͑write/erase͒ voltage of ±1.1 V is fairly small compared to those used in current ferroelectric and flash memories, and is compatible with future microelectronic and data-storage systems. Our study shows conclusively that in a single material phase-change and polaritydependent switching can be combined.
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